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The three-body photodisintegration of He has been measured at photon energies ranging from 90 to
250 MeV, in kinematic regions where three-body forces eft'ects are expected to be maximized, and two-
body mechanisms suppressed. The diAerential cross sections as a function of neutron momentum
demonstrate that calculations using only one-body and two-body photoabsorption mechanisms cannot
describe the data and that a two-pion-exchange, three-body absorption mechanism is needed to ade-
quately describe the data.

PACS number(s): 25.20.Dc, 25.10.+ s, 21.30.+y

I. INTRODUCTION

Evidence for the existence of three-body forces in nu-
clei lies mainly in the explanation of binding energies in
the trinucleon systems, He and H. However, the evi-
dence is indirect and not completely satisfactory, since
the "exact" Faddeev binding energy predictions which
include a two-pion exchange term (2~-3N) all lead to
overbinding [l]. More recent photodisintegration mea-
surements [2,3] of the three-body breakup of He have fo-
cused upon restricting the available three-body phase
space to select regions sensitive to 2m-3N components,
while reactions such as (rr, NN) have attempted to look
for enhancements over the dominant 2N pion absorption
mechanisms [4].

Earlier experiments [5] have confirmed that three-body
photodisintegration in He is dominated by 2N absorp-
tion on a correlated np pair. Therefore, to study 3N ab-
sorption, we need to move to a region of three-body
phase space that is not overwhelmed by these 2N mecha-
nisms. Laget has pointed out that a kinematic situation
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corresponding to the photon interacting with a diproton
has the desirable effect of minimizing 2N contributions
and emphasizing efFects due to the 3N force [6], for these
reasons: (1) The pp pair has no dipole moment to which
the photon can couple. (2) The formation of the 6 as an
intermediate state is forbidden by spin-isospin considera-
tions. (3) Charged meson exchange currents vanish.

II. THEORY

The only published calculations of the He(y, pp)n re-
action specifically aimed at estimating 3N absorption
mechanisms are those by Laget [6,7] in which the mea-
sured laboratory differential cross section is related by a
Jacobian to what is termed a "reduced cross section" as
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where (E„p,), (Ez, p2), and (E„,p„) are the four-
momenta of the outgoing two protons and the neutron.
The quantities [p, ], and W are the proton momen-
tum and total energy of the two detected protons mea-
sured in their c.m. frame, where the proton labeled "1"is
defined as the proton emitted on the side of the beam op-
posite to the neutron. The identification of proton "1"is
only meaningful for coplanar kinematics in which the
two protons are on opposing sides of the incident photon
beam. This reduced cross section is essentially the prod-
uct of the neutron momentum distribution and the cross
section for the disintegration of a pp pair [8] when the
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neutron is assumed to be a spectator moving in a relative
S state with respect to the active pp pair. Note that we
have slightly changed the notation used in Ref. [6] to
reAect the actual number of cross section differentials on
each side of the equation.

Laget's calculations are done using the diagrammatic
expansions shown in Fig. 1. In these diagrams, the open
circles represent full transition amplitudes [8] (T ma-
trices) and the filled circles are just the yNN and rrNN
vertices. The 3N absorption mechanism shown in dia-
gram 1g represents the primary 3N process for the He
(y,pp)n reaction. Above the energy for which pions are
kinematically allowed [6] the calculation is basically free
of parameters. The calculated 3N absorption cross sec-
tion contains a logarithmic singularity associated with
the on-shell propagation of the "first" exchanged pion,
thus the choice of kinematics can enhance the contribu-
tions of such 3N mechanisms. Below the kinematic
threshold for pions, both exchanged mesons are off their
mass shell and these three-body exchange currents can be
linked by gauge invariance to the corresponding three-
body forces [6,9]. The numerical ditliculty of integrating
over the logarithmic singularity is avoided for this kine-
matic case but the calculation is now dependent upon
off-shell extrapolations [6].

The enhancement in the He (y,pp)n cross section due
to the inclusion of the 3N diagrams is maximized when
he neu ron is emi ed wi h 0'„' =45' and p„" -=0o

MeV/c. This corresponds to the most likely kinematics
of the recoil nucleon in pion photoproduction on a nu-
cleon at rest [6]. An additional enhancement of the rela-
tive contribution of the 3N diagrams can be achieved by
choosing the proton angle [0&], to correspond to 90
with respect to (w.r.t.) the direction of the incoming pho-
ton in order to minimize E2 absorption. The angle
[8,], is the angle of proton-l, measured in the pp-
center of mass system w.r.t. the direction of the incident
photon in the laboratory.
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Reduced cross sections, for three different energies, are
shown in Fig. 2. The dash-dotted curves (labeled 2NDw)
include all 1N (diagram la), 1N+ FSI (final state interac-
tions) (diagram Ib), 2N (diagrams lc and le), and
2N+FSI (diagrams ld and lf) mechanisms. The dashed
curves (3Npw) include the 3N absorption diagrams (dia-
grams lg and lh) in addition to the 2NDw contributions.
The solid curves (3NDw) are the full calculations includ-
ing the 3N+FSI diagram (diagram li).

Figure 2(a) ( W~„=2160 MeV) demonstrates the
enhancement of the 3N diagrams due to on-shell propa-
gation of the first exchanged pion. The data are taken
from an earlier Saclay measurement [3] that did not con-
strain the angle [0&], , which we recall is measured
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FICx. 1. Diagrams for He(y, pp)n used by Laget. (a) The 1N
absorption mechanism, and (b) 1N+FSI. (c) and (e) 2N absorp-
tion, and (d) and (f) 2N+FSI. (g) and (h) 3N mechanisms, and
(i) 3N+ FSI.

p„(Mev/c)
FIG. 2. Reduced cross sections for He(y, pp)n. The dash-

dotted (2ND~ ) curves include contributions from diagrams
1(a)—1(f), the dashed curves (3NP~ ) also include diagrams
1(g)—1(h), and the solid line (3ND~ ) is the full calculation using
diagrams 1(a)—1(i). (a) For kinematics above pion threshold
where the first exchanged pion travels on-shell; curves and data
extracted from Ref. [3]. (b), (c) For the kinematics of the
present measurement, where both exchanged pions are off-shell.
Fixing [0,], =90' in (b) and (c) reduces the eff'ect of the
3N+ FSI diagram [Fig. 1(i)] compared to (a), where 8,*=49 .



47 MEASUREMENT OF THE REACTION He(y, pp)n AND ITS. . . 461

w.r.t. the photon beam, but instead fixed the proton angle
in the pp c.m. system w. r.t. the direction of the recoiling
pp c.m. to be 49'. This angle in Laget's calculations is la-
beled as 0&*. For this case, the contribution from the
3X+FSI diagram ( li) is significant, and while these data
show an enhancement over the 2ND' predictions, they
are not well described by either of the 3N curves. Fur-
thermore, since the first exchanged pion travels on-shell
for these kinematics, the relationship between the 3N ab-
sorption diagrams and three-body forces is not complete-
ly clear.

Our experiment was designed to sample the kinematic
regions specified in Figs. 2(b) (W =2040 MeV) and 2(c)
(W„=2010 MeV). These kinematics are away from the
physically less interesting singularity associated with on-
shell pion propagation of the "first" exchanged pion.
Both pions are off-shell in the present kinematics, a situa-
tion more naturally related to 3N forces.

All of the calculations shown in this paper are based on
those published in Ref. [6] and use the parametrization of
the off-shell NN rescattering amplitudes described in Ref.
[10]. The off-shell behavior of the first exchanged pion in
diagrams lg —li at both vertices has been included [11]in
the calculations shown here with a mN cutoff mass value
of A =1100 MeV. In addition, the co-exchange and the
pair terms [12] have been included in the yvr~~N transi-
tion amplitude of the 2N absorption diagrams 1c and 1d.
The Laget calculations shown in Fig. 2(a) have already
been presented in Ref. [3], and those shown in Fig. 2(b)
and 2(c) are presented here for the first time.

III. EXPERIMENT

Coincident proton-proton pairs from the He(y, pp)n
reaction were measured. A br emsstrahlung photon
source was used. A high duty-factor electron beam from
the Pulse Stretcher Ring (PSR) at the Saskatchewan Ac-
celerator Laboratory (SAL) was directed on a 0.02 radia-
tion length Al radiator to produce the bremsstrahlung
beam. The electron beam was then dumped 90' into a
well-shielded Faraday cup located 3 m from the radiator.
A schematic overview of the experimental setup is shown
in Fig. 3. Electron currents ranging from 1 to 4 pA were
used, with incident beam energies of 235.0, 264.5, and
266. 1 MeV.

The photon beam was collimated to a maximum angle
of 4.49 mrad, producing a circular beam 2.3 cm in diame-
ter at the target. After the collimator, a sweep magnet
cleared any remaining charged particles from the beam.
The photon-beam position was continuously monitored
by a beam-profile wire chamber array located down-
stream from the target. Periodic beam-target alignment
was checked with x-ray film exposures. The photon-
beam Aux was measured with a Wilson-type quantameter
[13].

The target system consisted of three high-pressure,
room temperature, cylindrical gas cells (7.5 cm diameter,
7.5 cm height) mounted in a remotely controlled vertical
ladder. The three cells contained 10 atm of He, 5 atm of
H, and 3 atm of 'H. The H and 'H targets were used
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FIG. 3. Schematic overview of the experimental setup (not to
scale). Lead shielding surrounding the proton detectors, and
placed between the detectors and the front wall, is not shown.

TABLE I. Central detection angles and calculated geometric
acceptances.

Detectors

Central angles
left right

(deg) (deg)

Acceptance
tAn] fthm n ght

(cmmsr )

LR-RL
LR-RR
LL-RL
LL-RR

+81.0
+81.5
+91.7
+92.2

—80.3
—90.8
—80.9
—91.4

34.25
7.67

10.51
33.77

for energy calibration and background subtraction. Slits
were employed to shadow the beam entrance and exit re-
gions of the cell wall.

Plastic scintillator (NE102) telescopes with moderate
energy resolution were used to detect the protons. As
shown in Fig. 3, two telescopes (LL and LR) were posi-
tioned at laboratory angles of 91.6' and 81.5', with
respect to the target-pivot point, forming the left arm
Telescopes RR and RI were placed at —90.8 and
—80.8 respectively and formed the right arm. Each tele-
scope consisted of a 10 cm X 10 cm X 3 mm thick AE scin-
tillator and a 16 cm X 16 cm X 36 cm thick E scintillator.
Lead collirnators, 8 cm in diameter„ in front of each tele-
scope restricted angular acceptances to 60 -=+1.75'.
These defining collimators were located 1.3 m from the
target center and subtended solid angles of about 3 msr.
Light-emitting diodes (LEDs) were installed on the sides
of each E scintillator block and were used to monitor
possible gain shifting in the phototubes.

The target slits in front of the detector collimators
were surveyed to accurately determine the target length
and solid angle subtended by each telescope. The
geometric acceptances and central detection angles for
each of the four possible left arm right arm co-incid—ence-
combinations are given in Table I. This geometry per-
mitted all four of these coincidence combinations to in-
tercept a portion of the phase space corresponding to
Laget's calculations. The values quoted in Table I were
generated using a Monte Carlo code to simulate the
geometric acceptance [14], defined as the product of tar-
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get length and the solid angles. Since the target slits con-
strain each telescope to view only a portion of the target,
central angles and acceptances vary depending on the
overlap of the target regions viewed by the left and right
telescopes. Thus, the larger acceptances for the LR-RL
and LL-RR combinations reAect the larger common tar-
get region compared to the LR -RR and LL-RL combina-
tions.

Event-mode data acquisition was used to record detec-
tor pulse heights and relative timing information for each
event. All one-arm events and all two-arm events were
recorded. A one-arm event required a twofold coin-
cidence between the AE and E scintillators of one tele-
scope. A two-arm event required a fourfold coincidence
between a hE-E of a left-arm telescope and a AE-E of a
right-arm telescope. The LEDs on the E blocks were
Gashed continuously at a rate of 256 Hz. Acquisition was
suspended during each LED (lash (450 ns), and the E
block pulse heights resulting from every tenth LED Aash
were recorded for gain monitoring purposes. Typical
electronics deadtimes using this trigger mode were
5 —10 %.

Proton identification was achieved by applying two
successive cuts to the data. The first cut defines the pro-
ton band appearing on an b,E vs E scatter plot [Fig. 4(a)].
Similarly, the second cut defines a proton band in a plot
of total energy versus the b,E Etime diffe-rence (TDIFF
vs E), as shown in Fig. 4(b). Since the first "b,E vs E" cut
is quite clean, the effect of the second cut is small. The
level of proton identification using these two cuts is
greater than 99%. A minimum energy threshold was im-
posed to reject two-proton events where either proton
had a reaction-site energy less than 28.5 MeV, since pro-
tons below this energy could not be reliably detected with
our system.

Frequent measurements were made using the H and
'H target cells in order to monitor the gains of the proton
detectors, to provide measurements H(y, p)n for check-
ing the normalization of the experimental system, and to
serve as (y,pp) "empty-target" background data.

Energy calibrations of the detectors were deterxnined
by fitting the measured H(y, p)n yield to a model brems-
strahlung yield with two known end-point energies, 235
and 266 MeV. One-arm triggers were used in this mea-
surement since the energy and angle of the proton com-
pletely determines the reaction kinematics. A minimum
pulse-height threshold was imposed to ensure that the
final state did not contain a pion. The reaction-site ener-
gy was then determined by accounting for the energy loss
of the proton between the target and the E block. The
model yield folded the "known" H(y, p)n differential
cross section with the differential bremsstrahlung cross
section. The phenomenological analysis of the world' s
H(y, p)n database

I 15] was used as the "known" deuteri-
um photodisintegration cross section. Calibration con-
stants were determined by fitting the measured yields to
the model yields as shown in Fig. 5(a). This yield was
corrected for "empty-target" ('H) background, and the
small variations ( & 10%%uo) in the calibration constants
were accounted for by performing fits to every H run
(once per 8 hour shift), as well as by monitoring the E
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FIG. 4. Method of proton identification for detector RL (2-
arm trigger data). (a) The position of the E vs AE cut applied to
all events; (b) the position of the "TDIFF vs E" cut applied to
events surviving the first cut. The TDC setting in b is 0.05 ns
per channel.

block LED peak pu1se-height positions within runs.
Over the range of proton energies relevant to this experi-
ment, a linear relationship between the E-block pulse
height and the energy deposited in the block was found to
adequately describe the measured yields.

Incident-Aux normalization was checked by directly
comparing our measured H(y, p)n differential cross sec-
tions to the prediction of Ref. [15] Isee Fig. 5(b)]. The
number of photons incident on the target is determined
from the total charge acquired on the quantameter which
is proportional to the total energy delivered by the pho-
ton beam. The quantameter proportionality constant was
well known from previous experiments [16] and our nor-
malizations were found to be accurate to within 10% of
the values predicted by Ref. [15].

He(y, pp) events were identified by two-arm trigger
events for which a proton was identified in each detector
telescope. For every He(y, pp)n event, the angle and en-



47 MEASUREMENT OF THE REACTION 'He(y, pp)n AND ITS. . . 463

ergy of both protons were measured, completely deter-
mining the reaction kinematics. For each electron-beam
end-point energy (Eo =Er '"), a minimum photon-energy
threshold (Er'" -Eo —140 MeV) was imposed to ensure
that there was no additional pion in the final state. The
He(y, pp)n data can be conveniently displayed in either a

conventional triangular Dalitz plot or an energy vs ener-
ergy Dalitz plot (referred to hereafter as a square Dalitz
plot). A triangular Dalitz plot (Fig. 6) shows the relation-
ship between the center-of-mass kinetic energies of the
emitted particles, which are normalized to the available
energy, E„. For nonrelativistic particles of equal mass,
the boundary of the triangular Dalitz plot is a circle and,
for a given available energy, the three-body phase space is
represented by a uniform population of the entire circle
[17]. The boundary curve itself corresponds to kinemat-
ics in which the three outgoing particle momenta are col-
linear [17].

Since the triangular Dalitz plot makes no reference to
particle angles, data from the four left-right detector
combinations can be displayed on the same plot. Figure
6 shows all of the 3He(y, pp)n and empty-target data for
this experiment. I.R-RI. coincidence events populate the
dark band of events along the bottom edge of the bound-
ary circle, I.I.-RR events lie farthest from the edge
(closest to the center of the circle), and events from
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(b) Differential cross sections compared to the prediction of Ref.
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FIG. 6. Triangular Dahtz plots. The three axes are the c.m.
kinetic energies for the left proton, right proton, and the
neutron, all normalized to the available energy
{E,„=TL™+T~ + T„'™). The full-target plot contains all the
He data, and the empty-target plot shows all events obtained

using the H target. The incident flux for the empty-target runs
was 40% of the flux used for the full-target runs. The indicated
kinematic regions are the quasidiproton (QDP), quasideuteron
(QD), np-FSI (P+NP), and pp-FSI (N+PP) regions.
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LR-RR and LL-RL fall between these other two bands.
As a result of our specific detector geometry, the data
mainly populate the quasidiproton kinematic region (near
T„' =0). Regions where 2X mechanisms should be
most important (near TL =0 or TI't =0) remain unpo-
pulated. Note that a small portion of the LR-RL events
extend up to the "P+(NP)" regions. These regions cor-
respond to kinematics in which the neutron and one of
the protons are emitted together, with the same vector
momentum. It is in these regions that (np) FSI would be
expected to be important. The kinematics corresponding
to Laget's calculations are far from these FSI regions.

The accidental-coincidence background requiring a
fourfold coincidence (AE Eleft-arm an-d b,E Eright--
arm), with both particles identified as protons, was small
((3%) due to the high duty-factor beam. The empty-
target background data shown in Fig. 6 are primarily due
to target-wall scattering. The empty-target ('H) back-
ground present in the 1-arm-trigger (y, p) measurements
(50—80%) was reduced substantially by imposing the 2-
arm-trigger requirement for (y,pp). The empty-target
(y,pp) background is less than 8% over the entire energy
range. Since low statistics prevented the performance of
a background subtraction for the (y,pp) data, this back-
ground introduces a systematic uncertainty of (at most)
8% in our (y,pp) cross sections.

Square Dalitz plots were used to isolate the kinematic
regions of interest specified by Laget. For each of the
four left-right angular combinations, a square Dalitz plot
can be constructed by plotting the kinetic energy of the
left proton versus the kinetic energy of the right. Con-
tours for all relevant kinematic variables (e.g., p„, 0„,
W~~ ) can be mapped onto a square Dalitz plot for a given

angular combination [see Fig. 7(a)]. Contours. for [8,],
are not shown in Fig. 7(a) because [0,], is nearly deter-
mined by the proton angles and depends only minimally
on the proton energies: [8,], =—89 —91' for LR RL and-
LL-RR, and 84' —85' or 94' —95 (depending on which
side the neutron is emitted) for LR RR and L-L RL. -

In order to compare to Laget's calculations, the data
were binned so that the kinematics of each bin center cor-
responded to the kinematics used in the calculations.
The size of the bins about the central values was selected
with both statistical and resolution considerations in
mind. Ranges of values for bin centers, bin sizes, and
detection resolutions for the relevant kinematic variables
are given in Table II. Bins were defined as the intersec-
tion region of three kinematic variables:
( grcentrat+g gr ) ( gcentra&+gg ) and (p central+ gp )PP PP n — n

where "b, (variable)" is the bin size from Table II. Once a
bin is defined, other variables (e.g., E or [8,], ) can be
calculated at the bin center. For all bins, [0,], was in
the range 90'+6 . The bins used for the LR -RL combina-
tion are shown in Fig. 7(b), where the upper two bins are
centered at W =2040 MeV and the lower two bins at
2010 MeV. There are two bins for each W to account
for the neutron being emitted on either the left or right
side of the beam. Similar bins were defined for all left-
right combinations, giving a total of 11 individual bins
for W =2040 MeV and 16 bins for 2010 MeV.

The areas containing a heavier concentration of events
in Fig. 7(b), along lines of low Tl' and Tit', correspond
to the (np) FSI kinematic regions. As can be seen, the
bins from which cross sections have been extracted for
comparison to Laget's calculations are not in the regions
where these FSI effects are important.

TABLE II. Ranges of values used for bin definitions. The resolution with which O„and p„could be
determined varied with energy, and bin sizes for these two variables were chosen to be approximately
equal to the detection resolution.

Bin-center values
Resolution
Bin size

Wpp

(MeV)

2010 or 2040
+6—8
+15

Kinematic variable
0„

(deg)

45+12
+3—15
+3—15

pn
(MeV/c)

40-340
+20—30
+20—30
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IV. RESULTS

Differential cross sections are extracted for each of the
defined bins in the kinematic regions-of-interest in the
following way:

d O]~b
3

dP)dO)d02

CU
L

(6

Q)

8—
CQ

CD

(a) W&&
——2010 MeV:

e„=45, [e,], =go

~a~

edp„,g„(tbQibA2) f X (E )dpi(E )dE
bin

(2)

where X is the number of events falling within the
defined bin, sd is the dead-time efficiency factor (typically
-0.9), tb Q, b, Q2 is the geometrical acceptance (see Table
I), and p„,g„ is the He target density. This formula
arises by subdividing the bin into many bands by cutting
along lines of constant photon energy, calculating the
differential cross section for each band, and finally
averaging over all the bands, weighted by the full accep-
tance of each band. In this picture, the acceptance for
each of the bands is defined as

A =Edp„,g„(tan, bn2)Nybp, , (3)

where X& is the number of incident photons in the energy
range of the band and bp, is the momentum range of
proton "1"intercepted by the band. Reduced cross sec-
tions for each bin are obtained by dividing by the kine-
matic factor, defined in Eq. (1), using the bin center
kinematical values. Due to the sparsity of the data, re-
sults from the individual bins were grouped into four or
five points. These final results are shown in Fig. S, along
with the calculations of Laget. The p„error bars cover
the entire range of p„values accepted by the individual
bins which were grouped together for each data point.
Uncertainties in the photon energy were largely deter-
mined from uncertainties in the detector energy calibra-
tion and limits on its energy resolution and angle
definition. Overall these effects are significantly smaller
than the above momentum bands and were neglected.
The cross section error bars are statistical only.

Cross sections differential in solid angle have also been
extracted as a function of photon energy for each of the
left-right coincidence combinations. These cross sections
utilize all of the acquired data, and are not restricted
solely to the kinematic regions specified by Laget. Fol-
lowing the method used in the pion-true-absorption reac-
tions [4], these results are compared to the 3X phase-
space distribution which arises if the transition matrix
element is constant. The extracted experimental cross
sections have not used an assumed energy distribution
below the minimum threshold of the detectors. Instead,
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FIG. 8. Results for He(y, pp)n. Calculations and kinematic
constraints are the same as those outlined for Fig. 2.

the quoted results include only integrated cross sections
over the proton energies from a minimum kinetic energy
of 28.5 MeV (pi'"=p2'"=233 MeV/c). The 3X phase-
space distribution is derived from the general photoab-
sorption amplitude [18] by fixing the transition matrix
element to be constant. The resulting expression used for
direct comparison to the experimental results is

d 2m gaC
(3X)= f . f 5[m, +Ey +m„+(q——p, —p2) —E, E2]p jpzdp, dp2 . —

1 2

(4)
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The four-momentum of the incident photon is (Er, q), I,
and m„are the masses of the He target and the neutron.
The constant C is determined by a fit to the data and is
related to the transition matrix element through
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FIG. 9. He(y, pp)n cross sections as a function of incident
photon energy. The line is a 3N phase-space calculation using
Eq. (4), and fitted to each data set by varying C. Results for the
angular configurations LL-RL and LR-RR have been combined
in the bottom graph because of the symmetry of these two
configurations. The fitted values for C, and the fit errors, are
given for each data set.

where J is the nuclear matrix-element which is averaged
over the incident photon polarization (A, ) and the initial
nuclear spins (M;), and summed over the final nuclear
spins (Mf ).

If the measured distributions are consistent with 3N
phase space, C will be independent of the angular
configuration of the detectors. The experimental results
and the 3N phase-space calculations are shown in Fig. 9,
along with the values of C determined for each

configuration. The value of C depends on the angular
configuration indicating a non-phase-space angular
dependence. Since LR-RL events are mostly collinear in
nature, as indicated by the triangular Dalitz plot of Fig.
6, the large value of C for this configuration points to an
enhancement of the collinear-geometry cross section as
compared to the noncollinear geometries. The shape of
the distributions as a function of photon energy follow
the trend of the 3N phase-space calculation. However,
some deviation from the phase-space shape is apparent in
all of the angular configurations.

V. SUMMARY

We have measured the di8'erential cross section for the
He(y, pp)n reaction in phase-space regions where con-

ventional 2N absorption mechanisms are minimized, and
the relative contribution from a 2~-3N mechanism is ex-
pected to be maximized. Our results show an enhance-
ment over the prediction of "2N only" calculations. This
enhancement is most evident at 8' =2040 MeV, where
the measurement is 5 —9 times greater than the 2ND~
prediction for high neutron momenta. The enhancement
factor is 3 —4 for the 2010 MeV data. The calculations in-
cluding 3¹bsorption mechanisms describe the momen-
tum dependence of the data quite well. While our results
seem to favor the cross sections predicted by the 3Np~
calculation rather than the predictions of the full 3NDw
calculation, the 2ND' calculation clearly does not ac-
count for the data and the inclusions of a 2m-3N absorp-
tion mechanism greatly improves the description of the
data. This constitutes direct evidence for the existence of
three-body forces in the He nucleus, since the 2m. -

exchange diagram is related to three-body forces when
both exchanged pions are off-shell.

Our measurement complements a similar experiment
[3] done at higher energies where one of the exchanged
pions in the 2~-3N diagram is on-shell. The results of
that measurement also show an enhancement over the
"2N only" prediction, but the general shape of that mea-
sured neutron distribution was not as clearly described by
the inclusion of the 2a-3N mechanism as is our measured
distribution. At the higher energies used in Ref. [3], the
relationship between the enhancement over 2N predic-
tions and nuclear three-body forces is not completely
clear since one of the exchanged pions in the 2~ diagram
is on-shell.

He(y, pp)n cross sections differential only in the solid
angles of the two protons were also measured as a func-
tion of photon energy for three angular configurations.
The angular and energy dependence of these cross sec-
tions were compared to those expected from 3N phase-
space considerations alone. The measured angular
dependence of the cross sections is indicative of a non-
phase-space distribution, with an enhancement in the col-
linear geometry. The measured energy distributions fol-
lowed the general trend of phase-space predictions, but
show a departure from phase space in the range of
E -=150—200 MeV. These data taken outside of the ki-
nematic region used for comparison with Laget's calcula-
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tions will be useful for further comparison to future real-
istic calculations.
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